Current evidence suggests that malarial infection could alter metabolites in the breath of patients, a phenomenon that could be exploited to create a breath-based diagnostic test. However, no study has explored this in a clinical setting. To investigate whether natural human malarial infection leads to a characteristic breath profile, we performed a field study in Malawi. Breath volatiles from children with and those without uncomplicated falciparum malaria were analyzed by thermal desorption-gas chromatography/mass spectrometry. Using an unbiased, correlation-based analysis, we found that children with malaria have a distinct shift in overall breath composition. Highly accurate classification of infection status was achieved with a suite of 6 compounds. In addition, we found that infection correlates with significantly higher breath levels of 2 mosquito-attractant terpenes, α-pinene and 3-carene. These findings attest to the viability of breath analysis for malaria diagnosis, identify candidate biomarkers, and identify plausible chemical mediators for increased mosquito attraction to patients infected with malaria parasites.
Malaria remains a critical global health concern that affects hundreds of millions of people each year [1] . The most deadly form, caused by the parasite Plasmodium falciparum, remains a particular burden throughout sub-Saharan Africa. Diagnostic testing for malaria is crucial for acute fever management in the clinic and also for public health campaigns aimed at monitoring and control [2] . Current clinical practice depends on the gold standard of microscopic examination of patient blood samples, with increasing use of rapid diagnostic tests (RDTs) based on a lateral flow format to detect parasite antigens [3, 4] . Both methods can achieve high accuracy rates but often face prohibitive cost and skill requirements in many malaria-endemic settings [3] . While RDTs demand fewer human and capital resources, a number of factors can lead to dramatically lower accuracy than microscopy [5] . Further, the most widespread RDTs, based on detection of the P. falciparum protein HRP2, have an intrinsic false-positive rate, as the parasite-derived antigen remains in the bloodstream up to a month after infection clearance [6] . Worryingly, false-negative results are now rising due to the spread of parasite populations lacking the HRP2 antigen in India, Peru, and Africa [7] [8] [9] [10] [11] [12] . In some geographical regions, >20% of surveyed parasite infections already lack HRP2 [12] . In 2016, the World Health Organization put out a call for new test antigens in response to growing concerns about current RDTs [13] .
By investigating the existence and extent of breath biomarkers for malaria, new avenues for diagnostics become possible. Any given exhaled human breath contains hundreds of different molecules, known as volatile organic compounds (VOCs) due to their ready partition into the gas phase, and thousands of breath VOCs have been described [14] . Breath-based diagnosis operates on the presumption that pathological conditions create characteristic and reproducible changes in breath VOCs, as has been reported for an increasing number of malignancies and infectious diseases [15] [16] [17] [18] . Determining whether a given disease generates a unique, detectable breath VOC signature (ie, a "breathprint") represents the first step in development of a breath-based diagnostic, which has the possibility to be noninvasive and easy to perform [19] .
Preliminary studies indicate malaria could generate just such a breathprint. For example, a number of alterations in breath compounds were observed during experimental, sub-microscopic malaria in volunteers [20] . However, no study has yet investigated whether these or other patterns are observed in clinical malaria episodes, where the parasite burden is at least one thousand times higher, the infection has been present longer, and the sexual stage of the parasite has had time to develop. Additional evidence that malaria is a prime candidate for breath-based diagnosis comes from studies of mosquito behavior. The Plasmodium parasite requires Anopheles species vector mosquitoes to sustain transmission [3] . Studies in human, mouse, and avian malaria have repeatedly demonstrated increased mosquito attraction to odors from infected vertebrate hosts [21] [22] [23] [24] [25] . Thus, Plasmodium infection may alter host VOCs, which might then be detected in the breath.
To evaluate for P. falciparum-specific changes in breath volatiles during natural human malarial infection, we performed unbiased breathprinting. We collected and analyzed breath volatiles from febrile Malawian children with and without uncomplicated P. falciparum malarial infection. In this work, we provide the first evidence that natural malarial infection correlates with global changes in breath volatiles that allow for accurate classification of infection status. Furthermore, we establish that volatile mosquito attractants are present at elevated levels in the breath of children with malaria.
METHODS

Breath Specimen Collection
Prior to enrollment of patients, approval for this study was obtained from both the Malawi College of Medicine Research Ethics Committee (approval no. P.05/14/1572) and the Institutional Review Board of Washington University School of Medicine (approval no. 201504128). Patients were recruited from 2 ambulatory pediatric centers in Lilongwe, Malawi. Samples were collected over a 2-week period during February 2016 from children ages 3-15 years presenting for care. Children who had positive results of both a malaria rapid diagnostic test (RDT) and blood smear were classified as having malaria (n = 17), while those with negative results of both a RDT and blood smear were enrolled as uninfected controls (n = 18). After informed consent was obtained from caretakers, vital signs were recorded, anthropometric data were collected, and a brief demographic and health history form was completed. Inclusion and exclusion criteria are detailed further in the Supplementary Materials. Parasitemia was quantified at a later date, using fixed and stained thin smears. For each sample, 1000 red blood cells were counted and inspected for malaria parasites by an experienced parasitologist blinded to the patient's clinical status.
Breath specimen collection was performed as previously reported with alterations detailed here [20] . In brief, ≥ 1 L of exhaled breath was collected in a 3-L SamplePro Flexfilm sample bag (SKC). By using a set flow pump (ACTI-VOC, Markes International), exactly 1 L of breath was pumped through an inert stainless-steel sorbent tube packed with Tenax 60/80, Carbograph 1 60/80, and Carboxen 1003 40/60 (Camsco). These are absorbent resins that capture VOCs present in the breath for transportation and later analysis. Sorbent tubes were stored at −20°C prior to shipment on freezer packs for off-site mass spectrometric analysis.
Gas Chromatography-Mass Spectrometry (GC/MS) Analysis of Samples
Samples were analyzed by GC/MS 1 month after initial collection. All samples were evaluated with a TurboMatrix 650 ATD (Perkin Elmer) connected to a Leco Pegasus 4D GCxGC-TOFMS system. A gaseous standard mixture was added to each tube immediately prior to analysis. Raw data files along with patient infection status are available at the Metabolomics Workbench repository, where they have been assigned the project identifier PR000612 [26] .
For analysis of the overall VOC profile, files were deconvoluted using MassHunter Qualitative Analysis (Agilent). Deconvoluted compound lists were imported into Mass Profiler Professional (Agilent) for alignment. Peaks were normalized to the 1,2-dichlorobenzene-D4 internal standard (m/z 150 at 11.7 minutes). Compounds unique to individual samples were filtered out from further analysis, as were siloxane contaminants.
The compounds α-pinene, 3-carene, isoprene, and acetone and the 1,2-dichlorobenzene-D4 internal standard were specifically identified and quantified in the GC/MS data files, using OpenChrom [27] . The abundances of these compounds in each sample were calculated by integrating the respective base ion peaks. Peak areas were normalized to the base ion peak area of 1,2-dichlorobenzene-D4. For each specific compound, peaks with a normalized area of ≤0.0002 were considered at or below the limit of detection.
Classifier
Using the aligned, standardized compound list generated by Mass Profiler Professional, VOCs that were present in at least 20 participants at a raw signal of >20 000 counts were used in classifier analysis. Class labels were assigned to each subject on the basis of their infection status, and VOCs were sorted on the basis of their correlation with infection status. The abundances of the 6 most correlated VOCs were summed to create a cumulative abundance metric. Positively correlated VOC abundances (that is, abundances of compounds that were higher in malaria-positive patients) were added, while negatively correlated VOC abundances (ie, those with lower abundances in malaria-positive patients) were subtracted. A nearest mean classification algorithm (binary classification) with a leave-1-breath-sample-out cross-validation scheme was followed to assign predicted infection status. The predicted label (malaria [+] or malaria [−] ) was compared to the actual status to quantify the performance, as shown in Figure 1 . The classification performance, as a function of the number of VOCs included, was used to determine the optimal number of VOCs needed for identification (Supplementary Figure 1D) .
RESULTS
We performed a descriptive prospective case-control study of ambulatory pediatric patients in Lilongwe, Malawi. Cases were defined as having malaria on the basis of both rapid diagnostic testing and microscopic analysis of thick blood smears. Demographic and clinical characteristics in the malaria-positive versus malaria-negative patient populations are shown in Table 1 (n = 35). Across all these characteristics, infected and uninfected cohorts were broadly similar, specifically in regards to potential confounding factors such as fever. Diet, which can have an impact on breath volatiles, was fairly homogenous and was not markedly different between the 2 groups (Supplementary Figure 2) . For infected patients, the average parasitemia level was 2.2% of erythrocytes (range, <0.001%-6% of erythrocytes).
Breath volatiles were captured onto sorbent material and subsequently released by thermal desorption for analysis by GC/ MS. For quality-control analysis of breath specimen collection, the levels of the 2 most common and abundant breath VOCs, isoprene and acetone, were compared to levels in room-air control specimens [28] . For each patient, we found that the abundance of isoprene and/or acetone was at least twice the level observed in room air control specimens, confirming successful breath specimen collection (Supplementary Figure 3) .
Using an unbiased correlation-based approach, we identified candidate biomarkers that best differentiated between breath samples from malaria-positive individuals and those from malaria-negative individuals ( Figure 1A ). Following preprocessing ( Figure 1B) , GC/MS data were used to correlate the abundance profile of each VOC with malarial infection status. This strategy identified VOCs that were positively or negatively correlated with infection status, indicating that P. falciparum infection leads to a distinct breathprint marked by both increases and decreases in levels of specific breath compounds ( Figure 1C ). While no individual compound served as an adequate classifier in isolation, the cumulative abundance across the 6 VOCs with the highest absolute correlation values proved to be a robust strategy to classify infection status ( Figure 2A ). All 6 malaria-associated VOCs-methyl undecane, dimethyl decane, trimethyl hexane, nonanal, isoprene, and tridecane-have been previously reported as present in human breath [14] . Isoprene is known to have an b Chronic and acute malnutrition are defined as height-for-age and body mass index-for-age z scores of ≥2 SDs below the median, respectively.
endogenous origin, while the other 5 VOCs are believed to be derived through oxidative stress-induced lipid peroxidation [28, 29] . The 3 branched alkanes (methyl undecane, dimethyl decane, and trimethyl hexane) were annotated through manually curated reference to a spectral library. The other 3 VOCs (nonanal, isoprene, and tridecane) were definitively identified by comparison to pure commercial standards. Characteristic data for all 6 compounds are provided in Supplementary Table 1 . Together, the 6 candidate biomarkers yield a cumulative abundance metric, which provides a more Gaussian distribution than individual component features ( Figure 2C ). Critically, with an appropriate cumulative abundance threshold, we classified malarial infection status with 83% accuracy ( Figure 2B -D and Supplementary Figure 1) . Potential confounding clinical characteristics (including sex, age, and malnutrition) were not found to be associated with significant differences in cumulative abundance of these 6 biomarkers (Supplementary Table 2 ). Thus, we have identified 6 specific breath compounds that represent candidate biomarkers, whose targeted detection may be used for noninvasive diagnosis of malaria.
We expect that other combinations of breath compounds may also have diagnostic utility. As illustrated in Supplementary  Figure 1B -D, the changes in breath volatiles that we observed as a result of malarial infection are not limited to the top 6 compounds. Including additional compounds (up to the top 30 highest-correlated compounds) does not result in lower accuracy, and, in validation studies, alternative highly correlative compounds may have improved reproducibility. The full list of compounds used for unbiased discovery, and their correlation values, can be found in the Supplementary Materials.
From this extended list, 2 compounds in particular, the monoterpenes α-pinene and 3-carene, drew special attention.
Previous in vitro studies identified that cultured P. falciparuminfected red blood cells produce a number of plant-like terpenes, including the monoterpene α-pinene [30, 31] . Plant-produced terpenes in general influence Anopheles species mosquito attraction and feeding behavior [31] ; these mosquitoes feed on plant-derived nectar in addition to the blood meals taken by females.
Using base ion peak areas, we found that the mean abundances of α-pinene (P = .04, with 20% higher mean) and 3-carene (P = .01, with a 28% higher mean) were both significantly higher in breath specimens from children with malaria as compared to uninfected children (Figure 3) . To confirm that the changes in α-pinene and 3-carene abundances did not reflect a general trend toward increased capture of monoterpenes during malarial infection, we evaluated levels of the structurally similar terpene (+)-limonene. We found that the (+)-limonene abundance was not increased in breath specimens from children with malaria (Supplementary Figure 4) . Additionally, potential confounding clinical characteristics (including sex, age, and malnutrition) were not found to be associated with significant differences in α-pinene and 3-carene abundances (Supplementary Table 2 ). Using a receiver operating characteristic curve analysis, we found that breath levels of either α-pinene or 3-carene categorized malarial infection status with a maximum accuracy of 69% and 77%, respectively (Supplementary Figure 5) . clear for innovative alternatives. In this work, we provide the first report of candidate diagnostic biomarkers and elevated levels of mosquito attractants in the breath of P. falciparum-infected children from a typical malaria-endemic clinical setting.
This study demonstrates the promise of breath testing for malaria diagnosis. We found robust and global differences in breath VOC composition based on infection status (Supplementary Figure 1B) , with as few as 6 breath volatiles used to provide a classification accuracy of 83% (Figure 2) . The patterns of breath volatiles identified in this population of Malawian children with uncomplicated falciparum malaria will require extensive validation in heterogeneous locations and populations. However, these initial studies provide a solid framework upon which to build a future diagnostic test. Targeted testing for specific volatiles may be feasible. Alternatively, so-called electronic nose (eNose) technology may have features more suitable to rapid, field-stable, point-of-care testing in malaria-endemic settings. eNoses implement sensor arrays and pattern-recognition technology to describe the chemical composition of complex volatile mixtures, such as breath [32] . One such existing commercial device, Aeonose, was used in a recent clinical study of pulmonary tuberculosis, achieving a diagnostic sensitivity of 88% and specificity of 92% [33] . Although technological barriers persist for clinical implementation [32] , less extensive adaptation may be required to implement eNoses in settings and scenarios in which noninvasive testing would be highly valuable, such as border-crossing sites and population-based screening efforts in elimination settings, a not insignificant need [2] .
In the breath of children with malaria, we found increased levels of 2 terpenes, a class of biomolecules often used by plants for insect communication. Elevated quantities of specific breath terpenes ( Figure 3 ) represent a biologically plausible chemical mechanism for the finding that malarial infection increases Anopheles species host attraction [22] [23] [24] . In particular, we propose that the monoterpene α-pinene represents a strong candidate to be considered as a malaria-induced volatile mosquito signal. In culture, increased α-pinene levels have been observed reproducibly upon P. falciparum infection of host cells [30, 31] . In addition, this terpene is a direct, potent, and specific activator of Anopheles gambiae odorant receptors (AgOR21 and AgOR50), confirming that the primary mosquito vector expresses the biochemical machinery to detect this molecule [30] . evidence suggest that α-pinene specifically modulates mosquito-feeding behavior. Both α-pinene and the related 3-carene are among the volatiles produced by mosquito-preferred nectar-providing plant species [34, 35] . In addition, a blend of volatiles containing α-pinene enhanced Anopheles mosquito blood feeding to the same degree as Plasmodium infection [31] . Because malaria-induced volatiles are chemically identical to those produced by mosquito-preferred plants, our findings indicate that malaria parasites may hijack mosquito behavior to increase transmission. Future studies are required to evaluate whether similar strategies may be used by additional vector-borne microbial pathogens. However, mosquito attraction is highly complex, and the contribution of these elevated monoterpene levels to the overall increased preference for malarial parasite-infected hosts will require dedicated mosquito behavior testing.
Our work also highlights the potential utility of α-pinene and other terpenes as components of superior odor-baited mosquito traps. Successful mass trapping campaigns depend on human-scent-mimicking odor baits [36] , with some initial promise seen from lures composed of plant attractants, including α-pinene [37, 38] . New odor baits blending human-and plant-derived attractant compounds may prove powerful tools for boosting the efficacy of malaria control efforts.
There are several potential limitations to our findings. Our study patients were largely homogeneous with respect to ethnicity, diet, and geographical location. Additional independent validation of our candidate biomarkers in both pediatric and adult patients in a variety of settings is necessary. Our results are also distinct from the previous breath metabolite findings reported by Berna et al from naive healthy adults with experimentally induced, submicroscopic, P. falciparum infection [20] , which identified increased levels of 4 small thioethers as the best classifier of infection status. In our study, these specific thioethers were only observed in the breath of a single patient, who tested negative for malaria. Thus, the thioethers may prove to be markers of the earliest stages of infection, but levels may subside by the time an individual presents for care. The longer time between sample collection and analysis, as well as different sorbent material, may also explain an absence of thioethers in this study. Similarly, the lack of detection by Berna et al of the 6 biomarkers and elevated terpenes reported here may be the result of the marked difference in parasite burden or age between the 2 study populations. The experimentally infected adults achieved a maximum parasitemia level of <2.5 × 10 -6 % of erythrocytes, using a conversion factor of 4 million red blood cells/μL, nearly one hundred thousand times less than the average parasitemia level in our study. In addition, our study participants are likely to have had multiple previous episodes of malaria. Prior parasite exposure may be required for host-generated volatiles produced during P. falciparum infection. Finally, children with uncomplicated falciparum malaria virtually always carry gametocytes, the sexual stage of the parasite required for mosquito transmission [39] [40] [41] [42] . Because gametocytes take >1 week to mature, they are not present during experimental infections, and therefore examination of patients with experimental malaria will miss gametocyte-specific changes in volatiles. The increased mosquito attraction observed during malarial infection appears to require the presence of circulating gametocytes [22] [23] [24] ; this was most recently highlighted in the largest experimental cohort to date [21] . Future studies will evaluate the correlation between our candidate biomarkers and parasite burden, prior parasite exposure, and gametocyte carriage.
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